A theoretical study was performed using computational chemistry to describe the intermolecular forces between graphite layers as well as spacing and conformation. It was found that electron correlation and a diiffw basis set were important for this calculation. In addition, the high reactivity of edge sites in lithium intercalated carbon anodes was also investigated. In this case, the reactive sites appear to strongly correlate with the relative distribution of the total atomic spin densities as well as total atomic charges. The spacing of graphite layers and lithium ion separation within an "approximated" lithium intercalated carbon anode was also investigated. The spacing of the carbon layers used in this investigation agrees most closely for that found in disordered carbon lattices.
INTRODUCTION
Lithium intercalated carbon anodes are very prominent in rechargeable b t t e r i e s . The nature of the carbon lattice can have great influence on the reversible lithium capacity as well as the decomposition process occurring during lithium intercalation. Since the microstructure of the lattice plays an important role in these processes, it was decided through the use of computational chemistry to investigate the relationship between structure and reactivity for these processes. As a way of bench marking these calculations, the graphite layer spacing in highly ordered graphite and its staggered conformation were: used as criteria. Although this calculation is not the prime focus of the investigation, intermolecular forces between aromatic molecules wen: calculated. These forces are important for formation of supramolecular structures. The 24 carbon atom molecule coronene was used as a model for the lithium intercalated carbon anode in an attempt to understand the difference in reactivity between edge sites versus basal plane sites during solid electrolyte interphase formation. In particular, the coronene-anion radical was used for this investigation. Understanding the nature of lithium bonding in lithium intemlated carbons is very important for attempting to maximize the lithium reversible capacity. In this regard, the likely hood of anionradical formation in layered structures was investigated.
EXPERIMENTAL
Gaussian 94 was used for all theoretical calculations (Frisch, et al., 1995) . To describe the carbon lattice separation in highly ordered graphite it was found that factoring in electron correlation was necessary. Density functional theory and Moller-Plesset Perturbation theory were used in this regard. The B3LYP method from density functional theory and Mp2 method from Moiler-Plesset theory were used. Since the nature of this calculation is rather resource intensive, and very time consuming, benzene was used to model the lattice separation and staggered conformation. Calculations of larger molecular systems such as naphthalene and anthracene are now in progress. The 6-31G(d) and 6-31+G(d,p) basis sets were used for these calculations. The 24 carbon atom coronene molecule was used to investigate the distribution oftotal atomic spin densities through the formation of the coronene-anion radical. The spin restricted Hartree-Fock method of calculation was used in this case. Geometry optimization was achieved at the 6-31G(d) level. Optimization using the diffuse basis set 6-31+G(d,p) is still in progress.
The investigation of the nature of bonding of lithium in lithium intercalated carbon anodes was conducted by comparing and contrasting the behavior of lithium-ions bonded to anion-radicals of molecular systems such as anthracene as well as layered structures.
In these examples the spin restricted and unrestricted Hartree-Fock methods were used. Scheme I illustrates the method for calculating the thermodynamic parameters used in this study.
RESULTS AND DISCUSSION

Hiahlv-Ordered Graphite Approximation
The nsults of the ab initio calculations for approximating the highlyo d d graphite lattice by two benzene molecules are shown in Table  1 . The carbon lattice separation in highly ordered graphite of 3.35 is most closely approximated by the Moller-Plesset theory with the diffuse basis set where the calculated separation is 3.43 A . One can note the importance of the basis set as to its influence on conformation. Use of the diffuse basis set 6-31+G(d,p) results in a staggered conformation which is known to be the case for highly ordered graphite. The calculation based on the 6-31G(d) basis set results in an eclipsed configuration with a lattice separation of 3.73 A. Figure 1 shows the layered carbon lattice approximated by two benzene molecules calculated by RMP2(Fu11)/6-3 1 +G(d,p).
Moller-Plesset theory was used to calculate the intermolecular forces between the aromatic benzene rings. A value of 6.2 kcaVmole was obtained using the diffuse basis set. The strength of this interaction was obtained by calculating the energy difference between the bisbenzene system and 2 moles of benzene calculated by the same method and basis set. Use of the 6-31G(d) basis set results in a calculated intermolecular force of 2.2 kcal/mole. Calculations based upon density functional theory did not result in very good correlation with the highly-ordered graphite system. Both the lattice separation and configuration were off. In addition the calculated intermolecular force based upon the energy difference of products minus reactants suggest that there is no force of attraction khwen the aromatic rings since the energy content of the reactants (2 benzene molecules at infinite separation) is greater than the product (bisknzene).
Edcie Site Reactivity
Peled (1966) has discussed the relative reactivity behavior of edge sites versus basal plane sites with respect to solid electrolyte interphase formation during lithium intercalation of graphite anodes. The edge sites are more rmctive than the basal plane sites. The edge sites can be further subdivided into zigzag sites and armchair sites. The zigzag sites are more reactive than the armchair sites. In addition, the composition of the solid-electrolyte interphase is different and thicker on the edge sites versus the basal plane sites. Figure 2 shows the optimized geometry of the 24carbon atom coronene-anion radical and the numbering scheme for this system associated with the calculated results. The prominent zigzag sites are l m t d at 9,15,23, and 28. The armchair sites are located at 1,2,26, and 30. The numerical values of the total atomic spin densities give an indication of where the free-radical most likely resides. It is interesting to note that the highest values of the total atomic spin densities occur at the zigzag sites as shown in Table 2 . In addition the highest negative charge on the carbon atoms is located at the zigzag sites. The charge on the carbon atoms located at the armchair sites is slightly less than that on the zigzag sites. Ifone viewstlie ba..al plane site as comprised of atoms 7, 10, 12, 14, 16 and 21 then the distinguishing feature of this site versus the edge sites is the very small amount of negative charge at this site. If the 24-carbon atom coronene anion-radical is representative of the carbon Iattiw used for lithium intercalation anodes, perhaps these differences at the edge sites versus the basal plane sites account for the relative reactivity difkrence as well as the different composition of the solid electrolyte interphase at these sites. The importance of the negative charge at the edge sites could be construed with a lithium-ion assisted solvent decomposition reaction mechanism.
Lavered Structures
The discussion so far has focused on the carbon lattice. In this part ofthe discussion the nature of the lithium bonding to a carbon lattice under cathodic conditions will be discussed. To approximate this condition, the general reaction has been investigated whereby a lithium atom in the gas phase [LiO] reacts with an aromatic molecule such as benzene or anthracene in the gas phase to yield a product which is either a lithium atom aromatic molecule adduct [Le., LiO-bemne adduct], or a lithium-ion aromatic molecule anion radical (AR) [Le., Li+-anthracene-AR] . Table 3 shows the calculated thermodynamic parameters associated with these products. The last three products shown at the bottom of Table 3 have layered structures. Figures 3 and   4 illustrate this class of product. Also shown in this Table are lithiumion-aromatic molecular complexes. The discussion will start with this class of products since there is experimental data to compare with the calculated results. Staley and Beauchamp (1975) have determined the enthalpies of formation of lithium-ion complexes in the gas phase. The value for the lithium-ion benzene complex is -37 kcal/mol f 2 kcal/mol. The calculated enthalpy of formation for this complex using the procedure outlined in scheme 1 is AH2%= -34.0 kcal/mol. Thus where one is investigating the nature of the lithium-ion bonding to an aromatic molecule the calculations appear to give reasonable results. The enthalpy of formation for the lithium-ion anthracene complex is AH2% = -38.6 kcal/mol.
During lithium intercalation the carbon anode attains a golden luster color which is attributed to the transfer of electrons to the carbon lattice. It has been found in this investigation that the electron-transfer process and the thermodynamic feasibility of it are very much dependent on the composition and structure of the aromatic lattice. Ifone considers the reaction of lithium with benzene in the gas phase, there is no electron-transfer to the benzene ring. Instead, a Liobenzene (adduct) is formed where the lithium atom is centered over the benzene ring at a distance of 2.69 A . The total atomic spin density for lithium in this adduct is 0.986 which suggests that the "potential" free-radical electron still residues on lithium. The calculated Gibbs energy change associated with this reaction is AG2= =+ 6.1 kcal/mol. If one considers the reaction of lithium with anthracene in the gas phase, there is an electron transfer from lithium to anthracene resulting in a lithium-ion-anthracene-anion-radical product. The free-radical predominately residues in the center ring of anthracene. The lithium-ion is centered over this ring at a distance of 1.69 A. The AEo for this reaction is + 4.70 kcal/mol. This would tentatively suggest that the electron transfer is not thermodynamically allowed.
If now one considers a layered structure, the thermodynamic feasibility of an electron transfer to the lattice is increased, but it still also depends on the chemical composition of the lattice. If one considers the reaction of lithium with two moles of benzene in the gas phase, the reaction product [Li'-(benzene)(benzene-AR)] now has an anion-radical on one of the knzene rings. In this product the aromatic rings are in the eclipsed conformation with a ring separation distance of 4.12 A. It has been found that the aromatic ring separation for a lithium ion bonded to either two benzene molecules or two anthracene molecules is 4.25 A and 4.18 A, respectively. In the case of the dibenzene system the rings are eclipsed but with the dianthracene system the rings are staggered. The AEo for the [W-(benzenexbenzene-AR)] system is + 12.6 kcal/mol and the Li+-anion radical disdance is 1.73 A. Even though this process is most likely not thermodynamically allowed, the significant change in behavior of this reaction versus when one mole of benzene reacts with lithium is the formation of the benzene-anion radical. An interesting viewpoint in this regard is that the effect of the electron density from the x-orbital on benzene is to destabilize the highest occupied molecular orbital on the lithium atom and therefore promote the electron-transfer to the lowest unoccupied orbital on benzene. If now one considers the layered structures as shown in Figures 3 and 4 the thermodynamic feasibility of the electron-transfer process is considerably enhanced. Far the [Li'-(anthracene-ARXbenzene)] system the ring-ring separation is 4.08 A and the radical is formed on the center ring of the anthracene. In this case the lithium-ion-anthracene-AR distance is 1.132 A. The lithium ion-benzene separation is 2.26 A. In the bis (Li'athraceneAR) system the charge and multiplicity is 0 and 3 with formation of an anion-radical on each ring. The ring-ring separation is 4.15 A when measured above/below the end rings where lithium is located but it's 4.22 A between the center rings. The total atomic spin densities at the center rings show that there is still a high prcbability of finding the free radical electron at these positions. This mad accwnt for the larger ring-ring separation at the center rings. The lithium-ion separation is 5.41 A.
The calculated AEo for these systems are: AEo = -6.0 kcal/mol, [Li' -(anthracene-ARXbenene)]; and AEo = -29.3 kcal/mol, [bis(Li'-anthracene-AR)]. These calculated results suggest that the electron transfer process would be thermodynamically allowed and therefore consistent with the lithium intercalation process.
' The graphite layer separation in stage one lithium intercalated graphiteis 3.74 A (Song, et al., 1996 ) . For lithium intercalation in a disordered carbon lattice, the graphite layer separation is approximately 4.01 A (Sato, et al., 1994) . Therefore the layered structures used in thea calculations might be more representative of a disordered carbon lattice.
SUIMMARY AND CONCLUSION
A reasonable representation of the separation and conformation of a highly-ordered graphite lattice can be obtained when ab initio calculations are accomplished with a diffuse basis set and electron correlation. Moller-Plesset perturbation theory using MP2 was found to be more satisfactory than Density Functional Theory using B3LYP. The calculated lattice separation using two benzene molecules as an approximation for the graphite lattice was found to be 3.43 A. The diffuse basis set was important for reproducing the staggered conformation.
The preferred sites for the solid electrolyte interphase (SEI) formation during lithium intercalation are the edge sites versus the b a d plane sites. Calculations whereby the carbon-lattice is represented by a 24 carbon atom coronene molecule show that the highest probability of finding the free-radical electron is at the zigzagedge sites. This coupled with a very high negative charge at the edge sites may account for the observed preference of SEI formation at these sites versus the basal plane sites. The importance of the negative charge could be construed with a lithium-ion assisted solvent decomposition reaction mechanism.
The electron-transfer process to the carbon lattice during lithium intercalation ofcarbon anodes may be dependent upon the fact that the carbon lattice is a layered structure. Ab initio calculations whereby anion-radical formation involved a layered-structure reaction product had a very high AEo of -29.2 kcal/mole. This was the case for the his (Li'-anthracene-AR) system. Without the layered structure for the casts considered, electron-transfer from a lithium atom in the gas phase to an aromatic molecule in the gas phase was not therimodynamically allowed. 
